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FOREWORD 


The  work  described  in  this  report  was  performed  in  the  Materials  Technology 
Laboratory  of  TRW  Inc.,  under  the  sponsorship  of  the  Office  of  Naval  Research, 
Contract  N00014-74-C-0365.  Dr.  P.  A.  Clarkin  acted  as  Program  Monitor  for  the 
Navy.  The  program  was  administered  for  TRW  by  Dr.  C.  S.  Kortovich,  Program 
Manager.  The  Principal  Investigator  was  Dr.  A.  A.  Sheinker,  with  technical  assistance 
provided  by  Mr.  J.  W.  Sweeney  and  Mr.  R.  R.  Ebert.  Work  conducted  during  the  first 
two  years  of  this  contract  involved  a study  of  the  effect  of  rare  earth  additions  on  the 
hydrogen  embrittlement  resistance  of  cathodically  charged  and  cadmium  plated  4340 
steel.  Work  conducted  during  the  third  year,  covered  in  this  report,  consisted  of  a study 
of  the  effect  of  rare  earth  additions  on  the  stress  corrosion  cracking  resistance  of  4340 
steel  in  salt  water. 

This  report  has  been  assigned  TRW  Equipment  Number  ER  7814-3  and  the  data  are 
recorded  in  laboratory  notebook  Number  794. 


ABSTRACT 


The  addition  of  rare  earth  elements  was  investigated  as  a method  of  improving  the 
stress  corrosion  cracking  resistance  of  high  strength  steels.  The  addition  of  cerium  at 
levels  of  0.20  and  0.30  weight  percent  had  only  a small  effect  on  the  stress  corrosion 
cracking  resistance  of  AISI  4340  steel  heat  treated  to  a yield  strength  of  approximately 
215  ksi  (1480  MPa).  The  stress  corrosion  cracking  threshold  (K.  ) in  3.5  percent 

sodium  chloride  solution  at  room  temperature  was  about  the  sameToP  the  two  cerium- 
bearing steels  as  it  was  for  4340  steel  without  cerium,  ranging  from  15  to  17  ksi  v^nT 
(16.5  to  19  MPa/rn).  The  higher  cerium  (0.30%)  material  had  longer  failure  times  and 
lower  average  crack  growth  rates  than  the  lower  cerium  (0.20%)  material.  The  failure 
times  and  average  crack  growth  rates  for  the  steel  without  cerium  could  not  be  directly 
compared  with  those  for  the  two  cerium-bearing  steels  because  of  crack  branching, 
which  occurred  only  in  the  material  without  cerium.  However,  it  was  estimated  that,  in 
the  absence  of  branching,  the  failure  times  for  the  non-cerium  steel  would  be  shorter 
and  the  average  crack  growth  rates  higher  than  those  for  the  lower  cerium  steel.  The 
cerium  additions  had  no  effect  on  the  fractographic  morphology  of  stress  corrosion 
cracking,  which  was  intergranular  at  low  stress  intensity  levels,  with  an  increasing 
proportion  of  dimpled  rupture  as  the  stress  intensity  level  increased. 
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I INTRODUCTION 


High  strength  steels,  particularly  the  low  alloy  martensitic  types,  are  susceptible 
to  stress  corrosion  cracking  in  a wide  variety  of  both  aqueous  and  nonaqueous 
environments  (1-4).  For  a given  type  of  steel,  the  resistance  to  stress  corrosion 
cracking  decreases  with  increasing  yield  strength  (1-4).  Thus,  for  applications  in  which 
the  metal  is  exposed  to  a hostile  environment,  the  high  load-bearing  capabilities  of 
these  materials  cannot  be  fully  exploited  because  of  the  increased  possibility  of  service 
failures  due  to  stress  corrrosion  cracking. 

Considerable  research  in  the  past  decade  has  led  to  the  conclusion  that  stress 
corrosion  cracking  in  most  high  strength  steels  is  a form  of  hydrogen  embrittlement  (3, 
5,  6).  The  hydrogen-bearing  environment  present  in  a crack  reacts  with  the  metal  at 
the  tip  of  the  crack  to  form  hydrogen,  which  enters  the  triaxially  stressed  metal  at  the 
crack  tip  and  results  in  local  embrittlement  and  crack  growth.  Therefore,  there  is  a 
strong  relationship  between  the  stress  corrosion  cracking  resistance  of  a high  strength 
steel  and  its  hydrogen  embrittlement  resistance. 

There  are  two  forms  of  hydrogen  embrittlement  phenomena:  (1)  internal  hydrogen 
embrittlement,  which  is  associated  with  the  presence  of  hydrogen  in  the  metal  due  to 
prior  processing,  and  (2)  environmental  hydrogen  embrittlement,  which  results  from  the 
entry  of  hydrogen  into  the  metal  during  exposure  to  a hydrogen-bearing  service 
environment,  as  in  stress  corrosion  cracking.  It  is  generally  accepted  that  the 
mechanism  of  embrittlement  is  the  same  in  both  forms,  but  that  the  processes  of 
hydrogen  transport  are  different.  The  essential  difference  between  internal  and 
environmental  hydrogen  embrittlement  is  the  source  of  hydrogen,  resulting  in  different 
hydrogen  transport  processes  for  the  two  forms  of  embrittlement.  In  the  internal  form, 
hydrogen  is  already  present  in  the  metal  when  it  is  placed  into  service  and  diffuses 
through  the  bulk  metal  to  cause  embrittlement.  In  the  environmental  form,  hydrogen 
must  enter  the  metal  from  the  service  environment,  so  that  metal-environment 
reactions  at  the  metal  surface  play  an  important  role  and  hydrogen  diffusion  occurs 
over  only  a short  distance  below  the  surface  or  near  a crack  tip. 

The  current  methods  of  inhibiting  hydrogen  embrittlement  in  high  strength  steels 
include  changes  in  microstructure,  changes  in  alloy  composition,  baking,  surface 
prestressing-,  plating,  cathodic  protection,  nonmetallic  coating,  selective  changes  in 
surface  composition  by  heat  treatment  and  modification  of  the  embrittling 
environment.  All  of  these  methods  have  serious  limitations  in  practical  applications  so 
that  no  truly  satisfactory  method  of  inhibiting  hydrogen  embrittlement  has  been  found. 
However,  a new  method  which  has  considerable  potential  is  the  addition  of  rare  earth 
elements  to  high  strength  steels.  In  previous  work  under  this  contract  (7),  it  was  shown 
that  the  addition  of  either  0.17  weight  percent  cerium  or  0.16  weight  percent  lanthanum 
substantially  improved  the  internal  hydrogen  embrittlement  resistance  of  AISI  4340 
steel  at  a yield  strength  level  of  approximately  205  ksi.  This  improvement  was 
manifested  in  hydrogen-charged  specimens  by  (1)  longer  crack  growth  incubation  times, 
(2)  lower  crack  growth  rates,  (3)  longer  failure  times,  and  (4)  higher  threshold  stress 
intensities,  as  compared  with  non-rare  earth  treated  4340  steel.  The  most  significant 
aspects  of  this  increased  resistance  to  internal  hydrogen  embrittlement  were  associated 


I 


r 


with  the  lower  crack  growth  rates  and  the  higher  threshold  stress  intensities.  The  crack 
growth  rates  for  the  rare  earth  materials  were  about  an  order  of  magnitude  lower  than 
those  for  the  non-rare  earth  4340  steel.  The  threshold  stress  intensities  (i.e.,  the  stress 
intensity  levels  below  which  failure  did  not  occur)  of  the  rare  earth  materials  were 
approximately  four  times  higher  than  that  of  the  non-rare  earth  4340  steel.  The 
purpose  of  the  present  study  was,  therefore,  to  extend  this  concept  to  stress  corrosion 
cracking  to  determine  whether  rare  earth  additions  can  increase  the  stress  corrosion 
cracking  resistance  of  high  strength  steels. 


II  EXPERIMENTAL  PROCEDURE 


The  test  material  was  obtained  by  making  three  experimental  50-pound  (23-kg) 
heats  of  4340  steel  containing  zero,  0.20,  and  0.30  weight  percent  cerium.  The 
chemical  compositions  of  the  three  heats  are  presented  in  Table  1,  along  with  the 
specified  composition  ranges  for  AISI  4340  steel.  All  of  the  standard  elements  were 
within  the  specified  ranges,  except  the  silicon  and  molybdenum  in  heat  X792,  which 
were  slightly  higher.  However,  silicon  and  molybdenum  at  these  levels  have  a negligible 
effect  on  stress  corrosion  cracking  in  4340  steel  (4,8,9).  The  presence  of  small  amounts 
of  lanthanum  in  the  two  cerium-bearing  heats  was  due  to  the  presence  of  lanthanum  in 
the  cerium  silicide  used  for  making  the  cerium  additions. 

The  three  heats  were  vacuum-induction  melted  and  aluminum  deoxidized  and  the 
cerium  was  added  after  deoxidation.  The  heats  were  cast  in  the  form  of  tapered  round 
ingots  measuring  4 inches  (0.10  m)  in  diameter  at  the  bottom,  4-3/4  inches  (0.12  m)  in 
diameter  at  the  top,  and  10  inches  (0.25  m)  tall.  The  three  ingots  were  forged  in  four 
passes  at  2150°F  (1450°K),  cross-rolled  in  two  passes  at  1950°F  (1340°K),  and  straight- 
rolled  in  two  passes  at  1950  F (1340  K)  to  obtain  three  plates,  3/4  inch  (0.019m)  thick 
by  8-1/2  inches  £0.22  mj  wide  by  20  inches  (0.51  m)  long.  The  plates  were  then 
annealed  at  1150  F (894°K)  for  8 hours.  This  ingot  breakdown  procedure  demonstrated 
the  workability  of  4340  steel  made  with  the  levels  of  rare  earth  additions  studied  in  this 
program. 

Prior  to  finish  machining,  the  test  specimens  cut  from  the  three  plates  were  heat 
treated  as  follows: 

1.  Normalized  at  1700°F  (1200°K)  for  15  minutes  in  salt  bath  and  air  cooled. 

2.  Austenitized  at  1550°F  ^1120°K)  for  30  minutes  in  salt  bath  and  oil  quenched. 

3.  Tempered  at  450°F  (505°K)  for  1 hour  plus  1 hour  in  air,  and  air  cooled. 

The  450°F  (505°K)  tempering  temperature  was  chosen  to  obtain  a high  strength  level 
and  thus  increased  susceptibility  to  stress  corrosion  cracking  in  this  steel  (4,10). 

The  conventional  mechanical  properties  of  the  three  heats  were  evaluated  by 
performing  duplicate  tensile  and  Charpy  impact  tests  at  room  temperature  on  both 
longitudinal  and  transverse  specimens.  The  dimensions  of  the  test  specimens  are  shown 
in  Figure  1.  The  hardness  of  the  heat  treated  specimens  was  Rockwell  C51. 

Stress  corrosion  cracking  tests  were  conducted  at  room  temperature  on  the 
precracked  compact  tension  specimens  shown  in  Figure  2.  These  specimens  were 
machined  from  the  plates  in  the  T-L  orientation,  i.e.,  with  the  direction  normal  to  the 
crack  plane  (loading  direction)  parallel  to  the  width  direction  of  the  plate  and  the 
direction  of  expected  crack  propagation  coincident  with  the  longitudinal  direction  of 
the  plate.  The  saw-cut  notch  was  extended  0.050  inch  (0.0013  m)  by  electrical 
discharge  machining  (EDM)  in  order  to  promote  fatigue  crack  initiation.  The  specimens 
were  precracked  by  cyclic  tension-tension  loading  on  a Sonntag  SF-4  fatigue  testing 
machine  at  a frequency  of  60  hz  and  a load  ratio  (R  = ratio  of  minimum  load  to 
maximum  load)  of  0.200.  The  fatigue  cracks  were  grown  to  a length  of  0.15  inch  (0.0038 
m)  beyond  the  EDM  slot  to  obtain  a total  precrack  length  of  0.58  inch  (0.015  m) 
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Table  I 


Compositions  of  4340  Steel 

Heats , 

Weight  Percent 

Element 

AISI  4340 

Speci f i cat  ion 

Heat 

X794 

Heat 

X793 

Heat 

X792 

C 

0.38-0.43 

0.41 

0.41 

0.40 

Mn 

0.60-0.80 

0.73 

0.7) 

0.72 

P 

0.040  Max. 

0.008 

0.008 

0.008 

S 

0.040  Max. 

0.005 

0.003 

0.003 

Si 

0.20-0.35 

0.28 

0.30 

0.45 

Ni 

1 .65-2.00 

1.77 

1.74 

1.72 

Cr 

0.70-0.90 

0.80 

0.71 

0.71 

Mo 

0.20-0.30 

0.28 

0.30 

0.32 

A] 

- 

0.043 

0.064 

0.070 

Ce 

- 

0 

0.20 

0.30 

La 

- 

0 

0.019 

0.023 

3.0"  (76  mm) 


9/16"  (14  mm) 
DIAMETER 


(a)  Tensile  test  specimen. 


(27.5  mm)  NOTCH  DETAIL 


(b)  Charpy  impact  test  specimen. 


Figure  1.  Tensile  and  Charpy  impact  test  specimens  used  in  mechanical 
property  characterization. 


.386"  (9-80  mm)  DIAMETER,  2 HOLES 


Figure  2.  Precracked  compact  tension  specimen  used  in  stress  corrosion  cracking  tests 


measured  from  the  load  line.  The  fatigue  cracks  were  produced  in  25,000  to  50,000 
cycles  and  the  maximum  stress  intensity  factor  (K.)  at  the  conclusion  of  precracking 
was  23  ksi  /In.  (25  MPa  Zn).  All  of  the  fatigue  cracks  grew  straight  and  perpendicular 
to  the  loading  direction. 

The  stress  corrosion  cracking  tests  were  conducted  under  sustained  load  on  Satec 
self-leveling,  lever-loaded  creep  rupture  testing  machines.  The  test  environment  was 
an  aqueous  solution  of  3.5  percent  sodium  chloride,  which  is  commonly  employed  in 
stress  corrosion  studies.  The  compact  tension  specimens  were  completely  immersed  in 
the  test  environment  by  surrounding  the  specimen  with  a plexiglass  container  fastened 
to  the  lower  pull  rod  and  filling  the  container  with  the  corrodent.  The  specimens  were 
immersed  in  the  corrodent  prior  to  application  of  the  load  in  order  to  promote 
immediate  wetting  of  the  precrack  tip.  Tests  were  conducted  at  various  initial  stress 
intensity  (K..)  levels  to  determine  failure  time  as  a function  of  Kj.  and  the  stress 
corrosion  cracking  threshold  (Kj  , the  stress  intensity  level  below  which  failure  is  not 
observed)  for  each  heat  of  steer.  Stress  intensity  factors  were  calculated  from  the 
equation  (11) 

KI  = W7W  [29-6  (vf)1/2  - J85.5  (f)3/2  + 655.7  («-)5/2 
-1017  (^-)7/2  + 638.9  (^-)9/2 

where  P = applied  load,  pounds  (newtons) 

B = specimen  thickness,  inches  (meters) 

W = specimen  width  measured  from  load  line,  inches  (meters) 
a = crack  length  measured  from  load  line,  inches  (meters). 


The  tests  were  terminated  after  10,000  minutes  if  failure  did  not  occur  sooner.  A total 
of  17  stress  corrosion  cracking  tests  were  performed  for  each  heat  of  steel.  The 
fracture  surfaces  of  selected  failed  specimens  were  examined  in  the  scanning  electron 
microscope  to  determine  the  morphology  of  crack  propagation. 
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Ill  RESULTS  AND  DISCUSSION 


A.  Mechanical  Property  Characterization 

The  mechanical  properties  of  tne  three  heats  of  4340  steel  are  presented  in  Table 
2 and  plotted  as  a function  of  cerium  content  in  Figures  3,  4,  and  5.  Following  the  same 
trends  as  in  the  previous  study  (7),  the  strength,  ductility  and  impact  resistance  all 
decreased  with  increasing  cerium  content.  These  reductions  were  attributed  to  the 
presence  of  continuous  networks  of  rare  earth  oxide  inclusions  at  the  prior  austenite 
grain  boundaries,  as  shown  in  Figure  6.  There  were  no  significant  differences  between 
the  longitudinal  and  transverse  mechanical  properties  of  any  of  the  three  steels, 
probably  because  the  plates  had  been  cross-rolled. 

The  decreases  in  strength  with  increasing  cerium  content  were  small.  The 
greatest  reduction  in  average  yield  strength  was  only  2.1  percent  for  the  0.20%  Ce  steel 
in  the  transverse  direction,  while  the  greatest  reduction  in  average  ultimate  tensile 
strength  was  only  3.8  percent  for  the  0.30%  Ce  steel  in  the  transverse  direction. 
However,  the  decreases  in  ductility  and  impact  resistance  were  substantial,  particularly 
at  the  0.30%  Ce  level.  For  example,  the  average  longitudinal  elongation  decreased  20 
percent  at  the  0.20%  Ce  level  and  65  percent  at  the  0.30%  Ce  level,  and  the  average 
longitudinal  reduction  of  area  decreased  30  percent  at  the  0.20%  Ce  level  and  82 
percent  at  the  0.30%  Ce  level.  The  average  Charpy  impact  energy  in  the  longitudinal 
direction  decreased  45  percent  at  the  0.20%  Ce  level  and  60  percent  at  the  0.30%  Ce 
level. 


The  0.20%  Ce  steel  met  the  current  ductility  requirements  for  aircraft  quality 
4340  steel  in  this  temper  condition  (6%  minimum  transverse  elongation,  and  25% 
minimum  and  30%  average  transverse  reduction  of  area)  (12),  whereas  the  0.30%  Ce 
steel  did  not.  However,  it  is  recognized  that  these  cerium  levels  are  higher  than  the 
levels  of  rare  earth  additions  currently  used  in  steelmaking  technology  and  were 
employed  to  study  the  effect  of  high  rare  earth  levels  on  stress  corrosion  cracking  sus- 
ceptibility. 

B.  Stre  ision  Cracking  Results 

The  stress  corrosion  test  results  for  the  three  heats  of  4340  steel  are  presented  in 
Tables  3,  4,  and  5.  Failure  times  are  plotted  as  a function  of  initial  stress  intensity  (K..) 
in  Figures  7,  8,  and  9,  and  the  three  time-to-failure  versus  K ^ curves  are  shown  for 
comparison  in  Figure  10.  Average  crack  growth  rates  (da/dt)  are  plotted  as  a function 
of  K j . in  Figures  11,  12,  and  13,  and  the  three  da/dt  versus  curves  are  shown  for 
comparison  in  Figure  14.  The  average  crack  growth  rate  for  each  specimen  was 
determined  by  measuring  the  length  of  the  stress  corrosion  crack  (from  the  end  of  the 
fatigue  precrack  to  the  onset  of  rapid  fracture)  observed  on  the  fracture  surface  and 
dividing  this  length  by  the  failure  time. 
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Mechanical  Properties  of  k^kO  Steel  Heats 
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Figure  l4.  Elongation  and  reduction  of  area  of  steel  as  a 

function  of  cerium  content. 
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Figure  5-  Charpy  impact  energy  of  43^0  steel  as  a function  of 
cerium  content. 
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Table  3 


Stress 

Corrosion  Test  Results 

for  4340  Steel 

Heat  X794  ( 0 % Ce) 

Initial 

Stress 

Fa i 1 ure 

Average  Crack 

Spec imen 

1 ntens  i ty  (Kj  ) 

Time, 

Growth  Rate 

(da/df) 

Number 

ksi  /in. 

MPa  /m 

Minutes 

in. /mi nute 

M/S 

2 

14.1 

15-5 

(no  fa i 1 ure) 

0 

0 

10 

15.7 

17.2 

1320 

6.4  x 10_Z| 

2.7  x 10"7 

9 

16.1 

17.7 

840 

1.0  x 10“3 

4.4  x ID'7 

7 

1 6 . 6 

18.3 

7824 

1 .0  x lO"^ 

4.3  x 10‘8 

3 

17.1 

18.8 

(no  f a i lure) 

0 

0 

6 

17.1 

18.8 

918 

-4 

9.5  x 10 

4.0  x 10_7 

8 

17.2 

18.9 

990 

8.1  x 10_/* 

3.4  x 10"7 

4 

17.4 

19-2 

4290 

1.8  x 10"4 

CO 

o 

X 

5 

17-9 

19.7 

1 446 

-4 

5.5  x 10 

2.3  x 10’7 

1 

18.8 

20.6 

588 

1 .4  x 10'3 

6.0  x 10'7 

1 1 

27.8 

30.5 

450 

1 .6  x 10-3 

6.8  x 10_7 

12 

36.9 

40.5 

438 

1 .6  x 10-3 

6.8  x 10"7 

13 

46.7 

51 .3 

444 

1.4  x lO-3 

5.9  x lO-7 

14 

57.2 

62.9 

312 

1.5  x 10‘3 

6.4  x lO-7 

15 

64.8 

71 .2 

318 

1 .5  x lO-3 

6.3  x lO-7 

16 

75.2 

82.6 

222 

1.7  x lO-3 

7.2  x 10"7 

Table  4 


Stress  Corrosion  Test  Results  for  4340  Steel  Heat  X793  (0-20$  Ce) 


Initial  Stress 

Failure 

Average 

Crack 

Specimen 

1 ntens i ty 

(K,,)  . 

Time, 

Growth  Rate  (da/dt) 

Number 

ksi  /in. 

MPa  /m 

Minutes 

i n . /mi nute 

M/S 

2 

14.1 

15.5 

(No  fai lure) 

0 

0 

10 

14.8 

16.2 

(No  fa i lure) 

0 

0 

9 

14.9 

16.4 

912 

8.4  x 

10_4 

3.6  x ,0"7 

8 

15.8 

17.3 

1878 

4.0  x 

IO'4 

1.7  x 10“7 

3 

16.9 

18.5 

(No  fai lure) 

0 

0 

7 

17.0 

18.7 

1410 

5-3  x 

10’4 

2.3  x 10"7 

5 

17.4 

19.2 

852 

9-4  x 

io"4 

4.0  x 10"7 

6 

17.7 

19.4 

612 

1.2  x 

.O'3 

5.2  x 10"7 

* 

1 

18.1 

19.9 

5304 

1.4  x 

io"4 

CO 

1 

o 

X 

o 

vO 

1 

18.8 

20.7 

468 

1.5  x 

10-3 

6.5  x IO-7 

11 

28.3 

31 .0 

204 

2.8  x 

IO-3 

1.2  x 10"6 

12 

38.0 

41.8 

156 

2.6  x 

1 0~3 

1.1  x 10"6 

13 

41.8 

46.0 

108 

3-7  x 

1 0~3 

1.6  x 10"6 

14 

46.4 

51.0 

90 

4.4  x 

IO’3 

1 .9  x IO-6 

15 

52.1 

57.2 

66 

5.3  x 

IO'3 

2.2  x 10"6 

16 

57.1 

62.8 

54 

- 

- 

17 

60.8 

66.8 

30 

- 

- 

! 


K 

f 

| 
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Stress  Corrosion  Test  Results  for  4340  Steel  Heat  X792  (0.30%  Ce) 


Initial  Stress  Failure  Average  Crack 

Specimen  I ntens i ty  (K| ; ) Time,  Growth  Rate  (da/dt) 

Number  ks  i iAn7  MPa  >/m  Mi  nutes  i n . /minute  M/S 


2 

14.1 

15.5 

(No  fa i lure) 

0 

0 

8 

14.9 

16.4 

(No  fa i lure) 

0 

0 

7 

15.0 

16.4 

2598 

2.9  x 

io'* 

1 .2 

x 10'7 

6 

15.4 

16.9 

3918 

1.5  x 

.O'* 

6.2 

x 10’8 

4 

15-9 

17.5 

4554 

1.6  x 

.o'1* 

7.0 

x IO*8 

3 

17.1 

18.8 

3360 

2.2  x 

lo'1* 

9.4 

CO 

1 

o 

X 

5 

18.1 

19.9 

2070 

3.4  x 

10_i* 

1 .4 

x 1 07 

| 

1 

19-2 

21.1 

1266 

5.1  x 

,0'* 

2.2 

X 

o 

1 

''J 

9 

27-8 

30.5 

570 

1.1  X 

io"3 

4.8 

X 

o 

1 

10 

38.3 

42.1 

414 

- 

- 

1 1 

46.5 

51.1 

288 

1 .9  x 

io'3 

8.1 

x io’7 

12 

55.4 

60.9 

276 

1.4  x 

io'3 

6. 1 

x io"7 

13 

65-7 

72.1 

138 

2.2  x 

io'3 

9-2 

x io"7 

v 14 

69  • 6 

76.5 

162 

1.2  x 

io"3 

5-2 

X 

o 

1 

15 

75.1 

82.5 

42 

3.6  x 

io’3 

1 .5 

x io"6 

16 

80.7 

88.7 

66 

3.8  x 

io'3 

1.6 

x io"6 

17 

86.1 

94.6 

6 

1.7  x 

io"2 

7.1 

x IO-6 

J 


16 
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Figure  10.  Comparison  of  stress  corrosion  failure  time  versus  K( j curves  for  4340 
steel  with  various  cerium  contents. 


AVERAGE  CRACK  GROWTH  RATE , JNCHES/M I NUTE 


Mpa 


Figure  11.  Stress  corrosion  crack  growth  rate  as  a function  of 
initial  stress  intensity  for  43^0  steel  heat  X79** 
containing  no  cerium. 
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AVERAGE  CRACK  GROWTH  RATE,  INCHES/M 
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AVERAGE  CRACK  GROWTH  RATE,  INCHES/M 


Figure  13- 


initial  STRESS  INTENSITY  (K|j),  KS I >TRT 


Stress  corrosion  crack  growth  rate  as  a function  of 
initial  stress  intensity  for  1*3^0  steel  heat  X792 
containing  0.30%  cerium. 


METERS/SECOND 


AVERAGE  CRACK  GROWTH  RATE,  INCHES/MINUTE 


METERS/SECOND 


The  effect  of  the  cerium  additions  on  stress  corrosion  cracking  was  much  less 
pronounced  than  the  effect  of  rare  earth  additions  on  internal  hydrogen  embrittlement 
observed  in  the  previous  work  (7).  The  stress  corrosion  cracking  threshold  (K.  ) was 

about  the  same  for  all  three  materials,  ranging  fom  15  to  17  ksi  vfnT  (16.5  tolsf?  MPa 
/"m ).  The  higher  cerium  (0.30%)  material  had  longer  failure  times  (Figure  10)  and  lower 
average  crack  growth  rates  (Figure  14)  than  the  lower  cerium  (0.20%)  material.  A valid 
comparison  between  the  failure  times  and  average  crack  growth  rates  for  the  steel 
without  cerium  and  those  for  the  two  cerium-bearing  steels  could  not  be  made  because 
of  crack  branching,  which  occurred  only  in  the  material  without  cerium.  A typical 
example  of  stress  corrosion  crack  branching  in  a specimen  from  heat  X794  is  shown  in 
Figure  15.  Branching  reduces  the  actual  stress  intensity  at  the  crack  tip  and  hence 
retards  the  rate  of  crack  growth  and  increases  the  time  to  failure  (13).  For  example,  in 
a study  of  the  effects  of  electrochemical  variables  on  stress  corrosion  cracking  in  4340 
steel  (14),  for  precracked  cantilever  bend  specimens  tested  at  the  same  K j ^ level  and 
under  identical  environmental  conditions,  the  failure  times  were  7.5  times  longer  when 
the  crack  branched  than  when  branching  did  not  occur.  Crack  branching  was  suppressed 
in  the  latter  specimens  by  the  use  of  deep  side  grooves  (15).  On  this  basis,  it  is 
estimated  that,  in  the  absence  of  branching,  the  failure  times  for  the  non-cerium  steel 
would  be  shorter  and  the  average  crack  growth  rates  higher  than  those  for  the  lower 
cerium  steel.  It  should  be  noted  that  crack  branching  cannot  be  relied  upon  to  retard 
stress  corrosion  crack  growth  in  service  applications  because  branching  may  be 
suppressed  by  the  structural  configuration. 

In  the  previous  study  of  the  effect  of  rare  earth  additions  on  the  internal  hydrogen 
embrittlement  resistance  of  4340  steel  (7),  it  was  found  that  the  addition  of  either  0.17 
weight  percent  cerium  or  0.16  weight  percent  lanthanum  resulted  in  an  increase  in  the 
hydrogen  embrittlement  cracking  threshold  stress  intensity  by  a factor  of  about  four 
and  a reduction  of  the  crack  growth  rate  by  about  an  order  of  magnitude.  These  results 
were  attributed  to  the  ability  of  the  rare  earth  elements  to  interact  with  hydrogen,  thus 
reducing  the  supply  of  hydrogen  available  for  embrittlement  and  impeding  the  diffusion 
of  hydrogen  to  the  crack  tip  where  it  would  accumulate  and  cause  crack  growth  by  local 
embrittlement.  At  a given  stress  intensity  level,  a critical  hydrogen  concentration  is 
required  at  the  crack  tip  to  initiate  and  sustain  crack  growth  in  high  strength  steels  (16- 
18).  As  the  crack  tip  hydrogen  concentration  is  reduced,  the  stress  intensity  required  to 
initiate  crack  growth  (i.e.,  the  hydrogen  embrittlement  cracking  threshold)  increases. 
Thus, the  threshold  stress  intensities  of  the  rare  earth  treated  4340  steels  were  much 
higher  than  that  of  the  standard  4340  steel  because  of  the  greatly  reduced  hydrogen 
concentration  at  the  crack  tip.  Once  crack  growth  has  initiated,  the  rate  of  crack 
growth  at  any  given  stress  intensity  level  above  the  threshold  depends  on  the  rate  at 
which  hydrogen  is  transported  to  the  tip  of  the  crack.  Thus,  the  crack  growth  rates  in 
the  rare  earth  treated  4340  steels  were  much  lower  than  those  in  the  standard  4340 
steel  because  of  the  retardation  of  the  diffusion  of  hydrogen  to  the  crack  tip. 

The  stress  corrosion  cracking  results  differed  from  the  internal  hydrogen 
embrittlement  cracking  behavior  because  the  source  of  hydrogen  was  not  the  same, 
resulting  in  differences  in  the  amount  of  hydrogen  available  for  embrittlement  and  in 
the  hydrogen  transport  processes.  In  the  internal  hydrogen  embrittlement  study,  the 
specimens  were  electrolvtically  charged  with  hydrogen  and  plated  with  cadmium  to 
contain  the  hydrogen  in  the  metal.  Thus,  hydrogen  was  already  present  in  the  metal 
prior  to  sustained  load  testing,  but  in  the  rare  earth  treated  steel  specimens,  the  supply 
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Typical  example  of  stress  corrosion  crack  branching  in  a 
specimen  (No.  H)  from  Heat  X79^  (0%  Ce) . 


F i gure  1 5 


of  hydrogen  available  for  embrittlement  was  reduced  by  the  interaction  of  hydrogen 
with  the  rare  earth  elements.  However,  for  the  stress  corrosion  specimens,  hydrogen 
entered  the  metal  at  the  crack  tip  from  the  corrodent  within  the  crack,  so  that  the 
supply  of  hydrogen  available  for  embrittlement  was  unlimited  in  both  the  rare  earth 
treated  and  stardard  steel  specimens.  Because  of  this,  there  were  no  differences  in  the 
stress  corrosion  cracking  thresholds  of  the  three  steels.  In  the  internal  hydrogen 
embrittlement  study,  the  hydrogen  transport  process  in  the  hydrogen-charged  specimens 
consisted  of  diffusion  through  the  bulk  metal  to  the  tip  of  the  crack,  but  in  the  rare 
earth  treated  steel  specimens,  hydrogen  diffusion  was  retarded  by  the  presence  of  the 
rare  earths.  In  environmental  hydrogen  embrittlement,  the  path  of  the  diffusion  of 
hydrogen  into  the  crack  tip  is  very  short  and  hydrogen  transport  is  strongly  influenced 
by  metal-environment  reactions.  Thus,  the  kinetics  of  stress  corrosion  crack  growth  in 
high  strength  steels  are  controlled  by  the  surface  reactions  at  the  tip  of  the  crack  (19). 
Because  of  this,  the  increase  in  failure  times  and  the  decrease  in  crack  growth  rates 
resulting  from  the  rare  earth  additions  in  the  stress  corrosion  cracking  study  were  much 
smaller  than  the  corresponding  changes  in  the  internal  hydrogen  embrittlement  study. 


Fractographic  Analysis 


Fraetographic  examination  was  performed  on  six  of  the  failed  stress  corrosion  test 
specimens,  two  from  each  of  the  three  steels,  one  of  these  having  been  tested  at  a low 
initial  stress  intensity  level  (15.4  to  17.0  ksi  vTiiD  and  one  having  been  tested  at  a high 
initial  stress  intensity  level  (52.1  to  57.2  ksi  t'fnT).  These  were  specimens  10  and  14  from 
heat  X794  (0%  Ce).  specimens  7 and  15  from  heat  X793  (0.20%  Ce),  and  specimens  6 and 
12  from  heat  X792  (0.30%  Ce). 


The  fracture  surfaces  of  the  three  specimens  tested  at  low  Kj.  levels  are  shown  in 
Figure  16.  The  stress  corrosion  cracking  area  has  a granular  appearance  in  all  three 
specimens.  The  rapid  fracture  area  contains  longitudinal  ridges  only  in  the  two 
specimens  containing  cerium.  These  ridges  resulted  from  separation  along  the  rare 
earth  oxide  inclusions  (Figure  17)  which  were  elongated  by  the  forging  and  hot  rolling 
processes.  In  the  specimen  with  no  cerium,  the  stress  corrosion  crack  appears  to  have 
begun  to  branch  just  prior  to  the  onset  of  rapid  fracture. 

The  fracture  surfaces  of  the  three  specimens  tested  at  high  K ^ levels  are  shown  in 
Figure  18.  In  the  two  specimens  containing  cerium,  both  the  stress  corrosion  cracking 
and  rapid  fracture  areas  contain  longitudinal  ridges.  The  presence  of  these  ridges  in  the 
stress  corrosion  cracking  area  is  probably  due  to  the  high  stress  intensity  levels  during 
stress  corrosion  cracking  in  these  specimens,  which  resulted  in  separation  along  the  rare 
earth  oxide  inclusions  (Figure  6)  such  as  occurred  in  the  rapid  fracture  area.  In  the 
specimen  with  no  cerium,  the  stress  corrosion  crack  branched  directly  from  the  end  of 
the  fatigue  precrack.  Two  other  views  of  this  specimen  are  shown  in  Figure  15. 

Scanning  electron  microscope  photographs  of  the  fracture  surfaces  of  the  six 
specimens  were  taken  at  various  distances  from  the  end  of  the  fatigue  precrack  along 
the  centerline  of  he  fracture  surface,  i.e.  at  the  mid-thickness  of  the  specimen. 
Fractographs  of  the  three  specimens  tested  at  low  initial  stress  intensity  levels  are 
shown  in  Figures  19,  20,  and  21.  The  morphology  of  stress  corrosion  crack  propagation 
was  the  same  in  all  three  specimens.  At  shorter  crack  lengths  and  corresponding  low  K 
levels,  the  morphology  was  almost  entirely  intergranular  (Figures  19  a-d,  20  a-d,  and  21 
a-c).  With  increasing  crack  length  and  K level,  the  proportion  of  dimpled  rupture 
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es  of  specimens  tested  at  low  initial  stress 


Magnification,  1 25X 


Figure  17 


Magnification,  400X 


Separation  along  rare  earth  oxide  inclusions  in  Specimen  8 from 
4340  steel  Heat  X792  (0.30%  Ce) , resulting  in  longitudinal  ridges 
on  fracture  surface  (left  of  upper  photograph).  Plane  of  plate 
i s hor i zonta 1 . 


Fatigue  - SCC  area  at  end 
of  precrack. 

K = 1 6 ksi  /in.  (17  MPa  /mT 


SCC  area 

0.33  in.  (8.4  mm)  from  precrack 
K = 26  ksi  /in . (29  MPa  >/m) 


SCC  area 

0.A9  in.  (12.5  mm)  from  precrack 
K = 38  ksi  /in.  (42  MPa  Frn) 


Fractographs  of  Specimen  10  from  Heat  X79^  (0%  Ce) . Arrows 
indicate  direction  of  crack  propagation.  Magnification,  1000X 


Figure  19 


. VJt  nvv«% 

/ mMv 

SCC  area 

0.66  in.  (16.8  mm)  from  precrack 
K = 60  ksi  /i  n.  (66  MPa  /ml" 


SCC  area 

0.73  in.  ( 1 8 , 6 mm)  from  precrack 
K = 75  ksi  /inT  (83  MPa 


TLrfc. 

' '■  JL,  . 

* /■  « > 

(g)  SCC 
0.81 
K = 

area 

in.  (20.5  mm)  from  precrack 
99  ksi  /in.  (109  MPa  /mT 

(h)  Rapid 
1.12 

fracture  area 

in.  (28.5  mm)  from  precrack 

Figure  19- 

(conti nued) . 

SCC  area 

0.14  in.  (3.6mm)  from  precrack 
K = 21  ksi  /in.  (23  MPa  /mT 


Fatigue  - SCC  , 

precrack 

K = 17  ksi  /fn 


SCC  area 

0.42  in.  (10.7  mm)  from  precrack 
K = 35  ksi  /in.  (39  MPa  /mT 


SCC  area 

0.28  in.  (7.1  mm)  from  precrack 
K = 27  ksi  /in.  (29  MPa  /mT 


Fractographs  of  Specimen  7 from  Heat  X 793  (0.201  Ce) 
Arrows  indicate  direction  of  crack  propagation. 
Magnification,  1 000X 


Figure  20 


SCC  area 

0.33  in.  (8 .5  mm)  from  precrack 
K = 26  ksi  /in.  (29  MPa  kmT" 


SCC  area 

0.50  in.  (12.8  mm)  from  precrack 
K = 37  ksi  /in.  (4)  MPa  /mT" 


Fractographs  of  Specimen  6 from  Heat  X792  (0.30%  Ce) 
Arrows  indicate  direction  of  crack  propagation. 
Magnification,  1 000X 
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(e)  SCC  area 

0.63  in.  (15-9  mm)  from  precrack 
K = 53  ks i /in.  (58  MPa  /rrT 
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(f)  SCC  area 

0.67  in.  ( 1 7-0  mm)  from  precrack 
K = 60  ksi  /in.  (66  MPa  /mT 
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(g)  SCC  area 

0.79  in.  (20.0  mm)  from  precrack 
K = 90  ksi  /in.  (99  MPa  /mT 


(h)  Rapid  fracture  area 

1.13  in.  (28.8  mm)  from  precrack 


L Figure  21.  (continued). 
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gradually  increased  (Figures  19  c-g,  20  c-g,  and  21  c-g),  up  to  the  onset  of  rapid 
fracture.  In  the  rapid  fracture  area,  the  crack  propagation  morphology  was  entirely 
dimpled  rupture  in  all  three  specimens  (Figures  19h,  20h,  and  21h).  The  stress  corrosion 
crack  propagation  morphology  of  the  three  specimens  tested  at  high  initial  stress 
intensity  levels  was  similar  to  that  of  the  three  specimens  tested  at  low  K.  levels, 
except  that  the  proportion  of  dimpled  rupture  was  higher  at  any  given  crack  length 
which,  in  these  specimens,  corresponded  to  higher  K levels. 

Thus,  the  fractographic  analysis  showed  that  a predominantly  intergranular 
morphology  was  associated  with  low  stress  intensity  levels,  with  an  increasing 
proportion  of  dimpled  rupture  as  the  stress  intensity  level  increased.  This  fractographic 
morphology  is  typical  of  stress  corrosion  cracking  in  high  strength,  low  alloy, 
martensitic  steels  (20). 
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IV  SUMMARY  AND  CONCLUSIONS 


The  addition  of  the  rare  earth  element  cerium  to  AISI  4340  steel  was  investigated 
as  a means  of  improving  its  stress  corrosion  cracking  resistance.  Previous  work  had 
shown  that  rare  earth  additions  at  levels  of  approximately  0.2  weight  percent 
substantially  improved  the  internal  hydrogen  embrittlement  resistance  of  this  steel. 
Because  the  stress  corrosion  cracking  resistance  of  high  strength  steels  such  as  4340  is 
believed  to  be  strongly  related  to  their  hydrogen  embrittlement  resistance,  this  study 
was  undertaken  to  extend  the  concept  of  rare  earth  additions  to  stress  corrosion 
behavior.  The  experimental  approach  involved  the  preparation  of  three  50-pound  (23- 
kg)  heats  of  4340  steel  containing  zero,  0.20  and  0.30  weight  percent  cerium  which  were 
vacuum-induction  melted  and  hot  worked  into  plate  form.  The  test  material  was  heat 
treated  to  a yield  strength  level  of  approximately  215  ksi  (1480  MPa).  The  resistance  to 
stress  corrosion  cracking  was  characterized  by  conducting  sustained  load  tests  on 
fatigue-precracked  compact  tension  specimens  in  3.5  percent  sodium  chloride  solution 
at  room  temperature. 


The  cerium  additions  had  a much  smaller  effect  on  the  stress  corrosion  cracking 
resistance  than  cerium  and  lanthanum  additions  had  on  the  internal  hydrogen 
embrittlement  resistance  in  the  previous  study.  The  stress  corrosion  cracking  threshold 
(K.  ) was  about  the  same  for  all  three  steels,  ranging  from  15  to  17  ksi  /in.  (16.5  to 

19  MTa/m).  The  higher  cerium  (0.30%)  material  had  longer  failure  times  and  lower 
average  crack  growth  rates  than  the  lower  cerium  (0.20%)  material.  The  failure  times 
and  average  crack  growth  rates  for  the  steel  without  cerium  could  not  be  directly 
compared  with  those  for  the  two  cerium-bearing  steels  because  of  crack  branching, 
which  occurred  only  in  the  material  without  cerium.  However,  it  was  estimated  that,  in 
the  absence  of  branching,  the  failure  times  for  the  non-cerium  steel  would  be  shorter 
and  the  average  crack  growth  rates  higher  than  those  for  the  lower  cerium  steel. 


The  difference  between  the  effects  of  the  rare  earth  additions  on  stress  corrosion 
cracking  and  internal  hydrogen  embrittlement  was  attributed  to  the  difference  in  the 
source  of  hydrogen  in  the  two  cracking  phenomena,  which  affects  the  amount  of 
hydrogen  available  for  embrittlement  and  the  processes  of  hydrogen  transport  to  the  tip 
of  the  crack.  In  internal  hydrogen  embrittlement,  hydrogen  is  already  present  in  the 
metal  prior  to  sustained  loading,  so  that  the  supply  of  available  hydrogen  is  limited  and 
hydrogen  transport  to  the  crack  tip  occurs  by  diffusion  through  the  bulk  metal,  which 
was  affected  by  the  presence  of  the  rare  earths.  However,  in  stress  corrosion  cracking, 
hydrogen  enters  the  metal  at  the  crack  tip  from  the  corrodent  within  the  crack  during 
sustained  loading,  so  that  the  supply  of  available  hydrogen  is  unlimited  and  hydrogen 
transport  into  the  crack  tip  is  strongly  influenced  by  metal-environment  reactions  at 
the  crack  tip  surface,  which  were  only  mildly  affected  by  the  presence  of  the  rare 
earths.  The  fractographic  morphology  of  stress  corrosion  crack  propagation  for  all 
three  steels  was  intergranular  at  low  stress  intensity  levels,  with  an  increasing 
proportion  of  dimpled  rupture  as  the  stress  intensity  level  increased. 
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